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We report on linear and non-linear dielectric property measurements of BaTiO3 – CoFe2O4 (BTO-CFO) 
ferroelectro-magnetic nano-composites and pure BaTiO3 and CoFe2O4 samples with Scanning Near Field 
Microwave Microscopy.  The permittivity scanning image with spatial resolution on the μm scale shows that the 
nano-composites have very uniform quality with an effective dielectric constant εr = 140 ± 6.4 at 3.8 GHz and room 
temperature.  The temperature dependence of dielectric permittivity shows that the Curie temperature of pure BTO 
was shifted by the clamping effect of the MgO substrate, whereas the Curie temperature shift of the BTO 
ferroelectric phase in BTO-CFO composites is less pronounced, and if it exists at all, would be mainly caused by the 
CFO. Non-linear dielectric measurements of BTO-CFO show good ferroelectric properties from the BTO.   
 
Introduction 
 Ferroelectro-magnets are materials in which magnetic 
and electric dipolar orderings coexist. Because of the 
additional degree of freedom, there is current interest in using 
the materials for applications such as memory, electric 
field-controlled ferromagnetic resonance devices, 
magnetically switched electro-optical devices, etc. [1].   
Besides single phase ferroelectro-magnetic materials [2-3], 
researchers have developed multiphase materials consisting 
of layers or mixtures of piezoelectric and magnetostrictive 
phases [4-5].   
In the nano-pillar-in-matrix kind of multiphase materials 
introduced by H. Zheng et al.[6], the properties strongly 
depend on the pillar size and composition, as well as the 
uniformity.  A localized dielectric measurement is a 
convenient and effective method to check the quality of the 
film and to find the nanostructure/composition dependence of 
the electrical properties.  In this paper, we introduce 
localized dielectric measurements of BTO-CFO using a 
microwave microscope.  We report the measurement of 
relative dielectric constant with good sensitivity (about ±4 in 
the range of 200~1000) and with high spatial resolution 
(~μm).   Another motivation of this paper is to investigate 
the change in ferroelectric properties of the BTO due to the 
introduction of the secondary phase CFO. We measured the 
temperature dependence and electric field tunability of the 
dielectric properties on these new materials and compare with 
a pure BTO thin film. The results show evidence that the 
BTO dielectric properties are significantly affected by the 
CFO pillars. 
 
Experiments 
Our scanning microwave microscope consists of an 
open-ended coaxial probe with a sharp, protruding center 
conductor [7].  The sample under the tip perturbs the 
resonator and causes a frequency shift.  The frequency shift 
from the unperturbed condition (with a known sample as 
reference) to the perturbed condition (with the unknown 
sample to be measured) is related to the permittivity of the 
sample. Using perturbation theory [8], we calculated the 
frequency shift of the microscope as a function of the fields 
in the sample near the probe tip, [7]   
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where 2rε and 1rε are the relative permittivity of the two 
samples. E1 and E2 are the calculated electric fields inside the 
two samples, W is the energy stored in the resonator, and the 
integral is over the volume Vs of the sample.  
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Fig 1.  (a) Data and simulation curve of frequency shift vs. 
permittivity for bulk samples (we use a bulk LAO substrate as the 
reference and all frequency shifts are given relative to it). The plot is 
in a liner-log scale to show the diversity of dielectric reference 
points.  The relationship is non-linear for relative dielectric 
constant values below 50, but approximately linear above 50;  (b) 
data and simulation for thin films.  We assume MgO as the 
substrate and a film thickness of 180 nm.  All frequency shifts are 
given relative to MgO.  Note that this plot is in a linear scale. 
 
The dielectric constant vs. frequency shift curve for bulk 
and thin film samples are illustrated in Fig 1. The shape of 
curve is determined by the probe geometry.  Here we 
simplify the probe geometry as an ellipsoid of revolution with 
a blunt end (illustrated in Fig2. (c)).  The geometry can be 
modified by varying three parameters, i.e. long axis a, short 
axis b and blunt end width c.  For a defined geometry, we 
use Maxwell 2D software (Ansoft) to calculate the static 
electric field and stored energy in the sample.  It is 
established that the static fields are a good approximation to 
the near-field structure of the tip.[7]  Combined with the 
equation above, the frequency shift vs. permittivity curve is 
calculated.  To find the probe geometry of the tip used in our 
experiment, i.e. the correct a, b, and c parameters, calibration 
points were measured with several known bulk samples.  
Fig 1.(a)  shows a calculated curve of frequency shift vs. 
permittivity that fits our calibration points well when we 
choose a=50µm, b=22µm and c=2.6µm.  The geometry 
parameters are confirmed by SEM observation of the tip [9]. 
We can see that larger dielectric permittivity causes a more 
negative frequency shift of the microscope.   
Fig 1.(b) simulates the thin film situation with the probe 
geometry determined by the bulk dielectric calibration step.  
In this simulation, we assume the substrate is MgO and the 
thin film thickness is 180nm, which is consistent with the 
samples used in this experiment.  We assumed the sample 
has a disk shape with a diameter of 5000μm and a substrate 
thickness of 500μm.  In Fig 1.b we define the bare MgO 
substrate as the unperturbed condition, the frequency shift 
relative to MgO is recorded to get the dielectric permittivity 
for the thin film samples to be measured.  The simulation 
curve is close to a straight line in the range from εr=100 to 
εr=1100 (εr ≈ -15.425 - 2.336 Δf (kHz)), so we can use the 
linear fit to estimate the dielectric constant of the thin films.  
 
Samples 
 The BTO-CFO thin film nano-composite material is 
prepared by pulsed-laser deposition on MgO substrates. All 
films discussed here have a nominal thickness of 180nm. 
X-ray diffraction and TEM experiments show that the BTO 
and CFO were separated into two phases in the thin film by 
self-assembly [6]. The two phases have a pillar-in-matrix 
geometry, in which the CFO pillars occupy about 35% in 
volume and have diameters of 20-30 nm, and their 
distribution and size are roughly uniform. Both BTO and 
CFO phases have their [100] lattice direction perpendicular to 
the thin film plane [6].   
Two types of BTO-CFO samples were prepared (see 
Table I). One without a counter-electrode for linear dielectric 
measurement (a) and another one with a counter-electrode 
SrRuO3 (SRO) layer for non-linear dielectric measurement 
(b). The sheet resistance of the SRO layer is 2700 Ω/square, 
sufficiently large to render it effectively invisible to the 
microwave signal to good approximation.[10]  For the former 
samples, part of the thin film was ion milled to expose the 
MgO substrate (see Fig 2.a).  Again, we use the MgO 
substrate as the unperturbed condition and the BTO-CFO on 
MgO as the perturbed condition, while measuring the 
frequency shift.  For the latter case, we use a bias tee outside 
the inductively de-coupled resonator to apply bias voltage 
between the SRO counter-electrode and the microscope tip to 
get the dielectric response vs. bias voltage relationship (Fig 
2.b) [7].  For comparison purposes, pure BTO and pure CFO 
thin film samples were also prepared with the same geometry 
and lattice direction, that is BTO on MgO (c) and BTO on 
SRO counterelectrode on MgO substrate(d), CFO on MgO (e) 
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and CFO on SRO counterelectrode on MgO substrate(f) .   
The samples prepared for this study are listed in Table I. 
 
 
Fig 2.  (a) Sample schematic for dielectric measurements 
(BTO-CFO, pure BTO or pure CFO thin film directly on MgO 
substrate with partly exposed MgO) (b) Sample schematic for 
non-linear dielectric measurements (BTO-CFO, pure BTO or pure 
CFO thin film on MgO substrate with a SRO counter-electrode 
layer).  A dc and low frequency (Hz~kHz) ac voltage can be 
applied across the dielectric film between the tip and the 
counterelectrode.  (c) Simplified geometry of the probe tip modeled 
as an ellipsoid of revolution in contact with the sample. 
 
 
  Sample Index a b c d e f 
Material BTO- 
CFO 
BTO- 
CFO 
BTO BTO CFO CFO 
SRO 
Counter-electrode 
NO YES NO YES NO YES 
εavg from linear 
measurements 
(room 
temperature, 3.8 
GHz) 
140 ± 6,   1020 ± 
20 
 35 ± 
2 
 
Tmax from linear 
measurements 
124oC   154oC  N/A  
Tc from non-linear 
measurements 
 130o
C 
 130o 
C 
 N/A 
 
Table I.  Summary of samples measured and their dielectric 
properties.  All films are grown on MgO substrates. 
 
Results and Discussions 
1. Quantitative Dielectric Imaging Resolution 
We scanned the microwave microscope tip across the 
lithographically-defined sharp edge between the BTO-CFO 
thin film and MgO bare substrate and recorded the frequency 
shift.  We use this design rather than measuring two separate 
samples because it can reduce the systematic error and noise 
in the dielectric constant determination, especially for the 
temperature dependence measurements presented below. 
There is a sharp change in frequency shift upon crossing the 
edge from MgO to BTO-CFO or BTO (Fig 3).  The negative 
frequency change from MgO to BTO-CFO or BTO indicates 
BTO-CFO and BTO have higher permittivity than MgO (εr 
~10).  We can convert the frequency shift values to relative 
permittivity values of εr = 140 ± 6, 1020 ± 20 and 35 ± 2 for 
BTO-CFO, BTO and CFO respectively (at room temperature 
and 3.8 GHz).  Assuming that the patterned edge and 
dielectric properties have a sharp change at the edge, from the 
scan with 0.1 μm step size (inset of Fig 3. (b)), we can also 
see the microwave microscope has a quantitative resolution[11] 
for dielectric constant of about 5 μm.  
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Fig 3.  (a), (c) Frequency shift scanning images at 3.8 GHz and 
room temperature crossing the BTO-CFO/MgO edge and BTO/MgO 
edge respectively, (b) (d) Single line scans from (a) and (c), inset of 
(b) is a scan across the BTO-CFO/MgO edge with 0.1 μm step size. 
 
2. Linear Dielectric Imaging 
A two-dimensional scanning image [Fig 4. (a)] shows 
that the BTO-CFO has a fairly uniform dielectric property 
with εr = 140 ± 6.4 averaged over a 2mm x 2mm area.  The 
dielectric properties of this kind of nano-composite mainly 
depend on composition [5]. From TEM and AFM 
measurement of this sample [6], we see it has roughly uniform 
composition in the plane of the film. That may explain the 
small range of dielectric constant variation observed.  Fig 4. 
b shows a finer scanning image of the most inhomogeneous 
part of the film with 0.5 μm step size. The dielectric constant 
is εr = 136 ± 8.2 over this area. There is still contrast in the 
dielectric image on this short length scale, indicating a 
“qualitative” spatial resolution [11] on the μm scale. However, 
the resolution for quantitative imaging is larger and is 
typically governed by the tip geometry[9] and the field 
confinement volume in the sample [11]. 
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Fig 4. (a) Linear dielectric constant image of BTO-CFO thin film, 
2000 μm x 2000 μm scanning area with 5 µm step size, and (b) 20 
μm x 20 μm area scanning image with 0.5 μm step size, both taken 
at 3.8 GHz and room temperature.  Color bar shows measured 
frequency shift and relative dielectric permittivity values. 
 
With this localized dielectric measurement technique, 
we also have the possibility of measuring the 
magneto-electric effect locally.  Because applying a 
magnetic field would induce a magnetostriction of the CFO 
phase, this strain is transferred to BTO, which is equivalent to 
the stress effect on BTO. Our microscope has a sensitivity of 
2 kHz in frequency shift, which corresponds to Δεr ~ 4 in the 
200-1000 relative dielectric constant range.  Based on 
piezoelectric and magnetostriction coefficients 
( 233 3318.6 / , 699.7 /e C m q N Am= = ) [12], we estimate 
that a magnetic field of 3000 Oersted is needed to get a 
measurable dielectric change in the BTO-CFO film.  The 
advantage for the proposed magneto-electric measurement is 
that we can localize it to the µm scale. This provides the 
capability to investigate the relation between 
magneto-electric properties and local composition or 
nano-structure.   
 
3. Temperature Dependence of Linear Dielectric 
properties 
The frequency shifts across the edge from MgO to 
BTO-CFO or BTO were recorded as a function of sample 
temperature from 30oC~200oC.  Fig 5 show the temperature 
dependence of the frequency shift, which can be converted to 
temperature dependence of dielectric permittivity (we used 
the linear fit of ε~Δf curve shown in Fig.1 b).  Due to the 
lattice transition of the perovskite structure of the BTO 
crystal, the relative dielectric permittivity should have a peak 
at the Curie temperature [13].  Firstly, we used a BTO bulk 
single crystal to verify this trend and to calibrate the 
thermometer from the transition temperature.  Fig. 5(a) inset 
shows the dielectric change of the BTO crystal with 
temperature.  There is a peak at 120oC, which is consistent 
with the Curie temperature from the literature [14].  The room 
temperature frequency shift corresponds to a permittivity of εr 
~ 800 (using the simulation curve for bulk samples in Fig. 
1(a)), which is on the same order as the results for the thin 
film BTO sample.  
BTO and BTO-CFO thin films on MgO also show a 
peak in εr(T) which corresponds to the lattice transition of the 
BTO phase.  However the broadening and flattening of the 
peak is typical of diffuse transitions, which can be attributed 
to structural inhomogeneity resulting from reduced grain size 
[13] and the strain gradient induced by the epitaxial growth of 
the thin films [15].  The broadened peak can be fit using a 
generalized Curie-Weiss equation [16]:  
2
max
2
max max
( )1 1
2
T T
ε ε ε δ
−= + , 
where the transition temperature is defined by maxT , which 
corresponds to the maximum dielectric constant maxε , and δ 
is the diffuseness coefficient. Large values of the coefficient δ 
indicate a strongly diffuse transition.  Here we found δ= 94 
oC and transition temperatures maxT  = 154oC for the BTO 
thin film.  The transition temperature shift is due to the 
stress from the substrate [11, 15].  The BTO-CFO doesn’t show 
the same enhanced transition temperature as the BTO film.  
From Fig. 5(b), the transition temperature of BTO-CFO is 
about 124oC which is similar to bulk BTO.  The CFO thin 
film on MgO does not show an obvious temperature 
dependence in εr(T) in this range (not shown). 
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Fig 5. (a) Temperature dependence of dielectric constant for BTO 
thin film (red circles), BTO-CFO thin film (black squares), and bulk 
BTO single crystal (inset); (b) enlargement of BTO-CFO curve in 
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(a).  Also shown as solid lines on BTO and BTO-CFO are fits to 
the generalized Curie-Weiss equation discussed in the text.  All 
data taken at 3.8 GHz.  Note that the frequency shift is plotted with 
a sign opposite to that in Figs. 1 and 3. 
 
4. Non-linear Dielectric Properties 
The dielectric tunability measurements were done at a 
single point on similar thin films but with an SRO 
counterelectrode present (Fig 2.b).  A 1 V dc bias 
corresponds to a local electric field on the scale of 60 kV/cm 
in the dielectric film.  Fig. 6 (inset) is a schematic of a 
typical frequency shift curve as a function of the bias 
voltage on a BTO-CFO film. The results show that 
BTO-CFO has a non-linear dielectric property similar to 
thin film BTO.  Applying a bias voltage, the dielectric 
permittivity is reduced, so that around 0 bias voltage the 
relative permittivity has a maximum value.[10]  Further 
measurements on CFO/SRO as a function of bias voltage 
shows only frequency shift changes at the noise level of the 
experiment.  Hence we conclude that the non-linearity in 
BTO-CFO/SRO comes from the BTO phase and not the 
SRO layer.  The peak in the tunability curve corresponds to 
the reversal of polarization (coercive field), and the 
amplitude corresponds to the amount of switchable 
polarization [17]. With decreasing temperature below cT , the 
tunability curve will exhibit a more pronounced hysteresis 
in which the upgoing and downgoing frequency shift curves 
cross.  Above cT , the BTO is in the paraelectric state and 
the tunability curves exhibit weakly hysteretic behavior. [18] 
In our experiment, this transition occurs around 130oC for 
both the BTO-CFO and BTO films (see Fig. 6).   
20 40 60 80 100120140160180
0
1
2
3
F
re
qu
en
cy
 S
hi
ft
B ia s  V o lta g e  (V )
H y s te re s is (V )
 BTO-CFO
 BTO
H
ys
te
re
si
s 
(V
)
Temperature(oC)
 
Figure 6.  Hysteresis measured at 3.8 GHz. Both BTO (red 
circles) and BTO-CFO (black squares) show a critical temperature 
of ~130oC at which the hysteresis reduces to zero.  The inset 
schematic shows a typical frequency shift change as a function of 
bias voltage for the configuration shown in Fig. 2(b).  The 
hysteresis is defined as the voltage difference between two extrema 
measured in upward and downward voltage sweeps. 
 
 Table I summarizes the samples used in the experiment 
and the main results for the dielectric properties.  For pure 
BTO, the transition temperature determined from linear 
dielectric measurements is different from that determined by 
non-linearity measurements.  We believe the shift of the 
BTO Curie temperature is caused by the substrate clamping 
effect. Introducing an SRO counter-electrode layer would 
relax the stress on the film thus changing the Curie 
temperature of the film towards to that of bulk BTO. For 
BTO-CFO films the transition temperature determined from 
the dielectric measurement is about the same as that from the 
non-linear measurements, showing that the properties of 
BTO-CFO are less dependent on the underlying layer.  The 
transition temperature shift of BTO-CFO is less pronounced, 
and if it exists at all, would be mainly caused by the CFO 
phase, either through stress caused by lattice mismatch or Co 
and Fe diffusing into the BTO phase leading to a metastable 
solid solution.[5] 
 
Summary 
In summary, we measured the linear and non-linear 
dielectric properties of BTO-CFO nano-composites. The 
dielectric properties of BTO-CFO are similar to those of BTO 
including the temperature dependence and bias voltage 
dependence. The measurement has a quantitative spatial 
resolution of approximately 5 μm.  The dielectric change as 
well as the transition temperature change in the BTO 
component of BTO-CFO is mainly due to the interaction of 
BTO with CFO. The possibility of localized magneto-electric 
measurement with this technique is also discussed.  
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